In the present study, we tested the applicability of the extended force-restore model (eFRM) to estimating soil-frost depth in the Tokachi district where the soil is a type of volcanic ash. The optimal thermal conductivity of the snow (TC-S) in each cold period varied from 0.074 to 0.172 W m -1 K -1 , with root-mean-square errors (RMSEs) ranging from 0.020 to 0.039 m. The difference between observed and estimated maximum soil frost depth (SFDmax) was less than 0.03 m. The fixed TC-S through the six cold periods from 2001 to 2007 was optimized as the value of 0.173 W m -1 K -1 with minimum RMSE of 0.043 m. When this optimal value of TC-S was used to estimate SFDmax, the difference between the observed and estimated values was 0.04 m at most, with the exception of 2003-2004 and 2004-2005, when little soil-frost developed. Our results showed that even though we considered the TC-S to be invariant over time, the eFRM was able to estimate soil-frost depth with an accuracy of a few centimeters using only mean daily air temperature and snow depth as inputs.
Introduction
Variation in the soil-frost depth plays a crucial role during agricultural operations in spring because frost affects the permeability of the soil to snowmelt water (Gray et al., 2001) and delays the annual increase in soil temperature. The soil-frost depth is decreasing in cold regions around the world as a result of climate warming (e.g., Cutforth et al., 2004; Frauenfeld et al., 2004; Hirota et al., 2006) . However, precise monitoring of the soil-frost depth is commonly difficult without special instruments (e.g., frost tubes) due to the complexity of various subsurface phenomena.
The extended force-restore model (Hirota et al., 2002;  hereafter referred to as eFRM) has been validated using data from a Canadian farm whose soils were characterized as fine-textured chernozems, and in that study, the model successfully estimated the soil temperature profile from only mean air temperature and snow depth data. In the present study, we tested the applicability of the eFRM to estimating soil-frost depth in the Tokachi district of Hokkaido, Japan, an area where the soil freezes seasonally and the annual maximum frost depth has decreased significantly in the last 20 years (Hirota et al., 2006) .
From history of soil-frost study, it was recognized that snow-depth and air temperature were most correlated to the soil-frost depth (e.g. Lunadini, 1981; Fukuda, 1982; Tsuchiya, 1985; Yamazaki et al., 1998) . F20 (e.g., Fukuda, 1982; Tsuchiya, 1985) , which is one of the semi-experimental indices and is widely used in variety of research and industrial field, use the accumulative air temperature below 0 until snow-depth reaching 0.2 m. That is, snow cover is the most influential to developing of soil-frost. In this context, we greatly focused on the thermal conductivity of the snow which is the snow-associated parameter of physical model of eFRM.
Material and Methods
The study was conducted at an experimental plot operated by the National Agricultural Research Center for Hokkaido Region in the town of Memuro in the central part of Tokachi District, Hokkaido, Japan (42°53' N, 143°03' E; Fig. 1 ). The 1979-2000 mean annual precipitation and mean annual air temperature, recorded at the Memuro meteorological station, which is located 2.5 km west of the site, are 970 mm and 6 °C, respectively (JMA, 2008) . The soil of the study site is derived from volcanic ash, which accumulated between 10000 and 1000 years ago (Kikuchi, 1981) and which covers roughly two-thirds of the Tokachi district, and is classified as Typic Hapludands (Iwata et al., 2008) .
We continuously monitored snow depth, using an ultrasonic snow-depth gage (Kaijo, SL-340), and air temperature at 1.9 m above the ground (Vaisala, HMP45A) from November 2001. Frost depth was measured manually once or twice a week using a frost tube consisting of a 25-mm outside diameter acrylic tube filled with 0.03 methylene blue solution, which has a dark blue color in the unfrozen condition and turns colorless upon freezing. The frost depth was indicated by the boundary between the blue and colorless parts of the tube (e.g., Kinoshita et al., 1967) . The acrylic tube was suspended in a 38-mm outside diameter PVC casing installed in the soil. Snow density was measured once or twice a week using a 50 mm diameter aluminum snow survey tube.
To estimate soil frost depth, the eFRM developed by Hirota et al. (2002) was used. The model combines the merits of two traditional methods: the heat conduction equation (e.g., Campbell, 1985) and the force-restore model (e.g., Bhumralkar, 1975) . The most useful feature of the eFRM is that it can calculate the daily mean soil temperature at an arbitrary depth without considering deep soil thermometric conditions. Moreover, the model needs only air temperature and snow depth as input data, once the soil parameters are fixed. In this model, the effect of water phase changes on soil temperature is considered by replacing the latent heat of fusion with the apparent heat capacity. The eFRM can include the energy budget at the ground surface. Our primary goal, however, is to estimate the maximum soil-frost depth because this is important information for soil permeability (Iwata et al., 2008) , thus we assumed that daily net radiation and latent heat flux at the ground surface during the calculation period both equaled zero for simplicity. In the same sense, heat conduction by water movement which prevailed in the snow melting period after reaching maximum soil frost depth was omitted.
The eFRM also offers the flexibility of setting the maximum calculation depth, the thickness of each layer, and a variety of soil parameters for each layer. We sought general versatility in order to be able to estimate the maximum soil-frost depth over a broad area and/or for further in the past or future than considered in the present study. Therefore, we treated the soil in the model as homogeneous from the ground surface to the maximum calculation depth, which was set as 1.0 m with 70 layers. In the eFRM, we set the following appropriate parameters for volcanic ash. Soil heat capacity for unfrozen and frozen soil was set respectively to 2.29 and 1.50 J m -3 K -1 from the value observed at the study site. Unfrozen and frozen thermal conductivity of soil was estimated as 0.6 and 0.7 W m -1 K -1 , respectively, based on Suzuki et al. (2002) . Although appropriate parameters were set to the eFRM, the insensitivity of soil thermal parameters like above in the estimation of soil temperature using the force-restore model was confirmed (Hirota et al., 1995) . Annual mean soil temperature AMST ( ), which is almost invariant with depth (Hirota, 2000) , was calculated from annual mean air temperature AMAT ( ) using the equation (AMST 0.97 AMAT 2.3) of Hirota (2000) . thermal conductivity of the snow (hereafter referred as "TC-S"). The actual TC-S varies as a function of the density of the snow (Kondo, 1994) and the density varies greatly with time and place (Pomeroy and Gray, 2001) . However, it is difficult to distinguish the time variation in TC-S. Therefore, we tried to find a constant optimal value of TC-S, which we defined as the value with the smallest root-mean-square error (RMSE) between the eFRM estimate and the corresponding observed value. We defined 0 as the freezing threshold of the soil and compared the model results with those obtained by observations in the field. Table 1 shows the results of optimizations in each winter period. The optimal TC-S varied from 0.074 to 0.172 W m -1 K -1 , with RMSEs ranging from 0.020 to 0.039 m, with the exception of 2003-2004 and 2004-2005, when M. Nemoto et al. : Application of the Extended FRM to Estimating Soil-frost Depth periods were zero, optimization with minimum RMSE resulted in minimum TC-S (0.001 W m -1 K -1 ) and failed. However, the difference between observed and estimated maximum soil frost depth (hereafter referred to as "SFDmax") was less than 0.03 m. It should be noted that the optimized time-invariant TC-S was an apparent value including time and vertical variation of TC-S and also including that of other fixed parameters such as soil heat capacity, soil thermal conductivity, and so on. The range of optimized TC-S corresponded to that of general TC-S (0.05-0.4 W m -1 K -1 ; Kondo 1994 , Kondo 2000 . The relationship between optimized TC-S and observed snow density at 2001-2002, 2002-2003, and 2005-2006 has roughly positive correlation (Fig. 8, circle) . Since higher snow density generally corresponds to higher TC-S (Kondo 1994) , our optimized TC-S seemed to represent actual annual variation of TC-S. However, optimized TC-S was lower value in 2006-2007 (0.74 W K -1 m -1 ), although observed snow density of 2006-2007 had highest in the six year (Fig. 8, triangle) . During 2006 During -2007 in the late of December, which was unexampled in the past, occurred. This rainfall melted snow cover (Fig. 7) and supply water to below the ground and probably altered actual soil thermal parameters which we assumed fixed value. Therefore, we thought these situation made apparent TC-S lower against the actual higher TC-S.
Results and Discussion
The fixed TC-S through the six cold periods from 2001 to 2007, except 2003-2004 and 2004-2005, was optimized as the value of 0.173 W m -1 K -1 with minimum RMSE of 0.043 m (Table 1 ). In the case, we optimized the value of TC-S with only data of Januaries and Februaries, because SFDmax usually occurs during these two months. When this optimal value of TC-S was used to estimate SFDmax, the difference between the observed and estimated values was 0.04 m at most, except for 2003-2004 and 2004-2005 which had large differences of 0.12 and 0.05 m (Figs. 4 and 5; Table 1 ).
Large differences between the observed and estimated values of soil-frost depth at an early stage of the snow-cover period were shown not only in 2003-2004 and 2004-2005 but also in the other years (Fig. 2 7) . We thought two reasons of the differences; 1) real TC-S was much smaller than the fixed TC-S because of new-fallen snow, 2) there was few centimeter error of snow-depth between at snow-observing area and at soil-frost observing area because of few meters difference in horizontal space between these observation areas and because of space-patchy snow when the snow depth was low. These two possibilities of the error were 2001-2002, 2002-2003, 2005-2006, and 2006 2007. validated as follows. In the case of changing TC-S as new snow to 0.05 W K -1 m -1 (Kondo, 1994; Fig. 9B) in the eFRM, the difference between calculated and observed soil-frost depth decreased against that with the fixed TC-S of 0.173 W K -1 m -1 (Fig. 9A ). However, 0.08 m difference of soil-frost depth in the maximum still remains. Therefore, the inconsistency between calculated and observed soil-frost depth could not be explained by only difference in TC-S. In the case of adding 0.02 m of snow-depth to observed one around the early period of snow cover (from November 21st to December 6th) with 0.173 W K -1 m -1 of TC-S (Fig.  9C) , the difference of soil-frost depth was 0.06 m in the maximum and smaller than the previous case (Fig. 9B) In the case of mixed those two conditions (TC-S of 0.05 W K -1 m -1 and adding 0.02 m of snow-depth around the early period of snow-cover; Fig. 9D ), soil-frost depth did not grow. Model calculation using 0.08 W K -1 m -1 of TC-S with adding 0.02 m of snow-depth around the early period of snow-cover ( Fig. 9E ) was good corresponded to the observed soil-frost depth well. As described above, we concluded that the inconsistency between calculated and observed soil-frost depth was mainly derived from complex effects both higher TC-S compared to fresh snow cover and from few-centimeter difference of snow-depth. In the case of 2003-2004 and 2004-2005 , heavy snow-depth after the large difference occurred seemed to preserve the initial difference until snow melting. Fig. 10 . Results of sensitivity analysis of (a) thermal conductivity of the snow (TC-S) and (b) annual mean soil temperature (AMST) to maximum soil-frost depth (SFDmax). Vertical lines in both plots indicate the optimal value for TC-S and the site-specific value in the study site for AMST, respectively. In (a), the abscissa axis shows the difference from optimized TC-S in each year.
Sensitivity of TC-S to SFDmax
Sensitivity analysis of two eFRM parameters, TC-S and annual mean soil temperature (AMST), to SFDmax was performed. The relationship between TC-S and SFDmax showed a positive correlation (Fig. 10a ) due to higher TC-S enhanced cooling of soil. A 0.05-W m -1 K -1 increase (decrease) of TC-S generally leads to a 0.04-m increase (decrease) of SFDmax.
AMST and SFDmax showed an exponentially negative relationship (Fig. 10b) . A 2 increase and decrease of AMST approximately corresponded to a 0.02-m decrease and 0.03-m increase of SFDmax, respectively.
Conclusion
Our results showed that even though we considered the optimized thermal conductivity for the snow to be invariant over time, the eFRM could estimate soil-frost depth with an accuracy of a few centimeters for a volcanic ash soil in the Tokachi district using only mean daily air temperature and snow depth as inputs. In the case of using 6-year fixed TC-S, there was a slightly larger difference between estimated and observed SFDmax in the periods of little SFDmax (2003-2004 and 2004-2005) . However, for agricultural operations, poor estimation of SFDmax in the case of SFDmax lower than about 0.1 m was thought to be not a problem, because the threshold of SFDmax if snowmelt water infiltrates deeper soil or runs off the ground surface is about 0.2 m (Iwata et al., 2008) , and the frozen soil in the year of small SFDmax immediately thaws after all the snow has melted.
In order to estimate SFDmaxs over broader areas and for a long time, it is necessary to consider the temporal and spatial distribution of AMST, which can be taken from annual mean temperature, due to the dependency of SFDmax on AMST (Fig. 8b) .
